This study investigates the potential of establishing a greenhouse on Mars. In order to sustain a greenhouse on Mars, the variables that must be considered are water, soil, atmosphere, light, temperature, design, and plants. Water is present on Mars in the form of ice in frozen soil. Water extraction can be achieved by heating, microwaves, or humidifier type devices. The water that is extracted is highly salty. However, ion exchange, reverse osmosis, or biological treatments can be used to treat the water. By using an underground irrigation system, this water can be applied directly to plant roots. Soil is readily available on Mars, and, with the exception of reactive nitrogen, this soil contains the nutrients required for plant growth. Nitrogen fixers, such as Cyanobacteria, can convert nitrogen from the atmosphere into reactive nitrogen. This reactive nitrogen can be directly applied to the plants. The atmosphere of Mars contains 95.32% Carbon Dioxide, 2.7% Nitrogen, 1.6% Argon, 0.13% Oxygen and 0.08% Carbon Monoxide. Mars' atmosphere is very thin so it has difficulty capturing solar energy, but this difficulty can be overcome by creating more greenhouse gases on the planet via thawing the poles using orbital mirrors, creating greenhouse gas factories, or smashing ammonia heavy asteroids into the planet. Artificial light can also be used to supply solar energy. Temperatures on Mars fluctuate between 35 to --90 degrees Celsius, depending on the season. To overcome these large fluctuations, a radioisotope heater can be used to maintain temperatures within the greenhouse between the ideal 0 --40 degrees Celsius. Robots or humans can set up and maintain the greenhouse. Plants that are to be grown in a greenhouse on Mars must be able to sustain human life by providing the proper nutrients. These include soybeans, spinach, mushrooms, wheat, Spirulina platensis (cyanobacteria supplementation) and seaweed. Ultimately, this research suggests that building and maintaining a Martian greenhouse may be feasible in the future by utilizing a number of techniques and technologies.
Introduction
Earth's population is growing at a rapid pace, to the point where it becomes concerning that the carrying capacity has been overcome. Scientists project that we will need to double our food production by 2050, 1 which will be challenging due to the ever--growing population overtaking valuable farmland. We are overusing nonrenewable resources such as minerals, fossil fuels, and water and the growing population is also causing an increase in greenhouse gas emissions, which are affecting the atmosphere negatively by increasing Earth's atmospheric temperature. Because of these problems, it has become Greenhouse on Mars (Schlehahn et al.)
University of Saskatchewan Undegraduate Research Journal 2 important to look into other planets that could potentially sustain life. Mars has strong potential to eventually support human life because of its close proximity to the Sun and its atmospheric composition. One critical factor to assess is the potential to support and sustain plant growth on Mars. This would be achieved by setting up a greenhouse that can manipulate Mars' atmosphere to mimic Earth's. This paper will summarize current science--based understandings of the conditions on Mars and explain what is required to grow plants in a greenhouse. These conditions include the water, soil, temperature, light and atmospheric composition of Mars. The plants that should be grown and how the greenhouse will be transported to Mars will also be discussed. When humans do succeed in growing plants on Mars, this will mean that we are one step closer to sustaining the growing human population.
Water On Mars
Water availability on a planet is a key component to grow plants and ultimately sustain a human population. Fortunately, in 2015, NASA's Mars Reconnaissance Orbiter (MRO) found the most concrete evidence to date that liquid water flows intermittently on present--day Mars. 2 However, the water may be briny, which causes a lower freezing point. 2 These hydrated salts likely consist of magnesium perchlorate, magnesium chlorate, and sodium perchlorate. This brings into question where this water is located and where it came from. Recently, researchers found that there is a giant slab of ice underneath Mars's surface, which could be due to a snowfall that occurred tens of millions of years ago. 3 Interestingly, the amount of water on Mars has been altered immensely due to Mars's unstable obliquity, 2 which can be seen in Figure  1 . Mars' obliquity is described as "the degree to which the planet tilts on its axis of rotation." 3 The difference between Earth and Mars, in this respect, is that Mars's moons do not prevent this wobble. 3 This unpredictable wobble results in regular ice ages on Mars. 3 Mars has a northern and southern icecap that are composed almost entirely of water ice, despite being previously believed to be mainly dry ice. 4 This was discovered using high--resolution and thermal images from Mars Global Surveyor and Mars Odyssey, respectively. 4 The images gathered were of flat--floored circular pits that were 8m and 200m to 1000m across at the south polar cap of Mars. 4 These caps grow outwards by 1 to 3m every year. 4 Mars Odyssey produced pictures that show the lower material heats up, similar to how water ice would in a Martian summer, which suggests these caps are composed of water and not dry ice. 4 Apparently, both the south and north poles have a thin covering of dry ice, with the inner and bottom layers composed of water ice. 4 The north pole's layer of dry ice is thinner (1m) and melts in the summertime, whereas the south pole's 8m thick layer does not melt entirely. 4 The data gathered clearly suggests the presence of water on Mars, but it becomes important to understand how this water will be extracted and treated so that it can possibly be utilized for plant and human sustenance. NASA's Curiosity rover found that water molecules were present in soil samples analyzed by its Sample Analysis at Mars (SAM) instruments. 5 This suggests that Martian soil potentially contains about two pints of water per cubic foot of soil. 5 A number of different methods have been suggested for harvesting Martian water.. The obvious method of retrieving this water from the soil is to dig up frozen soil and bake in an oven until the water evaporates. 5 In addition to this method, a microwave beam could be used to heat up rock, which heats up the ice that can be condensed into drinkable water. 5 In another design, an oven--like device can be used to extract water on Mars so it is drinkable. 6 Water can also be extracted from the atmosphere using a humidifier type device, 7 but it is suggested that the best method is to mine ice from the polar caps or from beneath the soil and melt it. 7 This is because the liquid water is transient, meaning that it is only there during the warm season. 7 This would not be a reliable source of water, however. The water is widespread, so there is a lack of volume in any one area. Before this water is drinkable it needs to go through a process of desalination. Perchlorates cause thyroid problems and negatively affect the gastrointestinal tract, skin, breast tissue and placentas. 7 Three methods of desalination include ion exchange, reverse osmosis and University of Saskatchewan Undegraduate Research Journal 3 biological treatment. 7 Ion exchange involves swapping perchlorate ions out for other molecules of similar charge. 7 Reverse osmosis uses pressure to push liquid through a membrane with small holes only big enough for water to go through. 7 Lastly, biological treatment utilizes bacteria to eat perchlorate, 7 which has the advantage of not requiring maintenance in treating the waste. Once the water is collected and treated, it must be applied to the plants. This can be accomplished by using underground irrigation systems similar to ones used on earth that apply water directly to roots. 8 
Soil Composition/How We Could Change It
Unlike water, there is a bountiful supply of readily available soil on Mars. Luckily, Martian soil already contains most of the nutrients required for plant growth, with the exception of reactive nitrogen, which is a necessary nutrient to the growth of plants. 9 The nitrogen atoms that are currently present on Mars need to be "fixed" or separated, so that they are then able to become "reactive." Without being fixed, it will remain as nitrogen gas and will not become reactive, which will not allow full, successful plant growth. 10 A nitrogen "fixer" such as Cyanobacteria utlizes an enzyme that gathers nitrogen gas and converts it into a reactive nitrogen. 11 Martian soil holds water very well, which in turn benefits the performance of plant growth because the soil will not easily dry out. 9 Martian soil has also been found to contain nutrients such as sodium, potassium, and magnesium, amongst other things.
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Atmosphere Mars (%) Earth (%) The atmospheric composition of Mars vastly differs from the life sustaining atmosphere of Earth, which can be seen in Table 1 . Despite these differences, Mars has the potential to sustain plant life on the planet due to the high concentration of carbon dioxide, as it is essential for photosynthesis. The process of photosynthesis requires water and solar energy. In the case of Mars, both are not very abundant. Mars's atmosphere is one hundred times thinner than Earth's; therefore, it is difficult to capture solar energy. 13 The atmosphere can be made denser using a few different techniques, such as thawing the north and south poles using orbital mirrors, creating greenhouse gas factories to create more gases, or smashing ammonia heavy asteroids into the planet. 13 These techniques will create an increase in greenhouse gas which would effectively trap solar energy and reflect it back onto the planet surface. Another disadvantage is that Mars' decreased gravity creates an atmosphere that extends four kilometers further than Earth's. 15 The low gravity means more gases must be created to induce an effect. Lack of water and gravity are also factors that can be manipulated within the greenhouse to obtain desirable conditions for plants to grow.
Temperature
In addition to these factors laid out above, the ambient temperature is another key aspect to the success of growing plants on Mars. Two rovers sent to Mars, Spirit and Opportunity, have played a key role in determining the temperature on Mars, which is illustrated in Figures 2 and 3. 16 Between both Rovers, it was found that there was an average of 30--35 degrees Celsius during the summer months on Mars. 16 During the winter months there was an average of negative 90--80 degrees Celsius with a low of negative 110 degrees Celsius. 16 Spirit was further from the equator than Opportunity and therefore there was variance in temperature, which is illustrated in the second figure. 16 One of the theories on why the temperature varies on Mars more than Earth is due to it having a very thin atmosphere. 17, 18 In fact, its atmosphere is one hundred times thinner than Earth's which hinders its ability to create a "thermal blanket" to trap solar heat. 18 Consequently, this extreme temperature range will have to be mitigated in order to sustain plant life on Mars. To overcome this obstacle, a multi--mission radioisotope thermoelectric generator (MMRTG) could be used. This novel technology uses a nuclear battery that can convert heat into electricity. 19 This system is able to be used during the colder winter months and has been tested as a reliable radioisotope heater. 19 Physiological processes in plants do the best in temperatures from 0--40 degrees Celsius; 20 therefore, a thermostat will have to be implemented to ensure that the heater will turn on when the temperature is below 0 degrees Celsius and turn off when the temperature is above 40 degrees Celsius. Figure 4 shows that the maximum intensity of sunlight on Mars during high noon is about equal to the intensity of light on Earth when the sun is only 36 degrees above the horizon.
22 Figure 5 shows the Sun's spectra on Earth compared to Mars. Although the shape of each graph is the same they differ in height. 22 Additionally, the area of each spectra is proportional to the energy of the sunlight. 22 This poses a problem for growing plants using Mars' sunlight. The low amount of solar energy reaching Mars will restrict a plant's rate of photosynthesis and reduce the plant's growth, development, and yield. 23 For the best yield of Martian crops food production will have to be grown in a greenhouse supplemented by artificial lighting.
Today artificial lighting for the purpose of plant production is better and more efficient than it has ever been. Research has shown that light--emitting diodes or LED's are very successful in aiding plant production. 24 LED lights are small, durable, and they last a long time. 24 They can be placed closer to the plant material because they don't get as hot as traditional lighting and they emit specific wavelengths that can be manipulated to cater to specific plant needs and stages in the plant's development. 24 These lights could potentially run off solar panels in good conditions but backup power will be necessary. Using LED's in a greenhouse environment on Mars will be essential to the success of food production. There are also dangerous amounts of solar radiation that reaches the surface of Mars. Because Mars has a thinner atmosphere solar radiation such as ultraviolet light can reach the surface and cause damage to any form of biological life making it impossible to grow plants when in direct exposure. 25 A greenhouse will need to be built with a material that allows visual light through, blocks UV radiation and X--Rays, and traps infrared radiation.
Researchers have suggested creating an igloo like structure by harvesting ice from the Martian surface and melting it down to be 3D printed by robots into a building made of ice as shown in Figure 6 . 26 They say that ice would be a perfect material for a safe structure on Mars because it can be made from sources already found on the planet and it acts as a shield against harmful radiation but allows visual light in. 26 
Greenhouse Attributes
In order to achieve the goal of growing plants on Mars, a greenhouse will have to be implemented in order to combat the unfavorable conditions mentioned above. As described above, the main conditions that will need to be altered are the water, atmosphere, temperature and lighting. The water will need to be harvested and desalinated before it can be used in the greenhouse. The atmosphere within the greenhouse can be manipulated by carbon dioxide generators and irrigation systems. A multi--mission radioisotope thermoelectric generator (MMRTG) could be used to maintain the temperature in the greenhouse. This uses a nuclear battery that can convert heat into electricity. A thermostat will need to be installed in the greenhouse to maintain the ambient temperature at a range of 0--40 degrees Celsius. The thermostat will ideally ensure that the MMRTG will turn on when the temperature is below 0 degrees Celsius and turn off when the temperature is above 40 degrees Celsius. As for lighting, the greenhouse will have to have be equipped with LED lighting for the plants to have optimal growth.
Installation and Maintenance of Greenhouse
The greenhouse will have to be properly installed before it can be functional. Pre--programmed robots could potentially be used to set up, run, and maintain the greenhouse. They would be sent to Mars with the plants and the greenhouse building supplies, and be controlled from Earth. Astronauts could also travel to Mars, set the greenhouse up, and maintain it. Even though robots seem more convenient, it is important to remember that it may not be possible to properly train the robot "staff" to adapt to every potential situation that may come up. Astronauts would be able to adapt to situations without question or direction. Additionally, if they are already there, the travel time of the astronauts will not have to be factored in to mediate a problem. Ultimately, humans will be responsible for the installation and maintenance of plants. This will allow for the planting, harvesting, replanting, and any other maintenance that arises.
In terms of the material that will be used for the greenhouse, it would be beneficial to have something light weight, such as fiberglass. Although this would take up a lot of space, it would save fuel costs because of the lack of mass. Metal and glass would be very heavy, which would in turn use up more fuel and raise costs. Interestingly, a former astronaut, John Grunsfeld, stated that it would be possible to have an inflatable greenhouse that would be set up when the crew arrived on Mars. 27 This would be even lighter than fiberglass and take up much less room. The main downfall, however, is that it may not be as durable as fibreglass, so it would not be a long--term option. Figure 7 shows a potential greenhouse set up on Mars. 
Plants to Be Grown
The main purpose of this expedition is to investigate the possibility of providing a source of nutrition for future colonists on Mars. In order for the colonists to be nutritionally self--sufficient, they will need plants that provide the nutrition needed for the human body. Therefore, the colonists need more than cabbage and potatoes to sustain life. It is important to understand what the basic nutrition needed to sustain human life is. Table  2 shows the daily reference values and the reference daily intakes for adults and children four or more years of age, as recommended by the U.S. Food and Drug Administration (FDA). 28 This table is particularly useful, because it shows the advanced nutritional requirements for human life.
Other food guides, such as Health Canada's Food Guide, only provide basic nutritional recommendations. Different foods provide different nutrients. For example, only growing and eating potatoes would lead to many nutrient deficiencies. This is because potatoes are not a source of vitamins B12, A and D; potatoes are also a very poor source of protein, lipids, vitamin E and K, sodium and magnesium. 29 The plants that have been chosen for this …….
project were chosen because they provide excellent nutrition to meet the human requirements. Another reason for choosing them, is that the nutrition that they provide is in very concentrated amounts. Thus, a relatively small area of land can produce adequate nutrition for humans.
Given the values in Table  2 , the plants that will be grown on Mars in order to achieve these requirements must be determined. The organisms that will be grown in order to meet the FDA recommendations are: soybeans, spinach, mushrooms, wheat, Spirulina platensis (cyanobacteria supplementation) and seaweed (Canadian Cultivated EMI--TSUNOMATA). This may not appear to be the tastiest selection of plants; however, it is a diet that should sustain human life according to the research shown in Table  3 (see page 7). Table 3 shows the FDA nutrition references, 27 and the included plants' nutrition, to prove they meet nutritional requirements to justify their inclusion. Ultimately, successful growth of these plants will be an adequate start to the validation that Mars can support humans in the future. Table 3 --Table detailing how the diet proposed in this research meets the FDA references for nutrition. Where information is not given to scale, the requirements are minimal. Thus, as long as the nutrient is present in diet, it will meet the respective requirement.
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Conclusion
It is clear that this mission is only possible if we are able to harmoniously integrate a variety of human science and understanding. Agriculture is a driving force for the relatively recent development of the human race and the success of this experiment will ensure further development of the human population. To develop Martian agriculture, a greenhouse requires an artificial, Earth-like environment that can only be achieved and sustained when we understand the environment in which it will exist. Growing plants on an entirely different planet will be a true test. According to this research, there must be a reliable source of water and it is questionable if the water on Mars will be suitable or even accessible for plant consumption. Soil is readily available but requires modification to provide all necessary nutrients. The atmosphere is rich in carbon dioxide, but is too thin to provide sustainable temperatures for plants or to block out harmful UV and X-rays. Sunlight will need to be subsidized to provide proficient plant yields. A greenhouse can easily imitate necessary atmospheric conditions for plants but only if suitable soil and water can be sourced. It is best to send this greenhouse to Mars and have it be set up autonomously but this provides its own set of challenges. It could be difficult to program robots to grow plants or problem solve when issues arise. A human element can provide much more success but is risky and expensive during initial settlement stages. Yet, a mission such as this is imperative to human exploration in space. If plants can be successfully grown on Mars, there is a higher chance of sustaining human life and growth in the future, as well as extending our reach further into our solar system.
